NMR spectra of the reaction of (Sp)PdCl 2 with (EtO) 3 SiH and the in situ oxygenation reaction Figure S1 . NMR spectra of (Sp)PdCl 2 , in situ generated (Sp)Pd(H)Cl and the reaction mixture of the in situ oxygenation of (Sp)Pd(H)Cl. Excited electronic states of O 2 or Pd-O 2 species were calculated as single-point energies using spin-unrestricted DFT methods at the triplet-optimized structures. The electronic configuration of the converged SCF wavefunctions was confirmed by the <S 2 > values, which is ~1.0 for a spin-contaminated open-shell singlet (OSS), 0 for a close-shell singlet (CSS), and ~2.0 for an open-shell triplet (OST) states. The spin-contaminated OSS total energy is corrected by using a spin-projection method reported by Yamaguchi, Jensen, Dorigo, and Houk (eq S1). 9 This treatment yields a singlet-triplet energy difference of 20.5 kcal/mol for molecular oxygen (expt. 22.3 kcal/mol).
Representative Reaction Timecourses for the in situ Oxygenation of (Sp)Pd(H)Cl
An estimate for the geometry and energy at which the triplet and singlet potential energy surfaces cross, the minimum energy crossing point (MECP), was carried out by the following method. The high-energy triplet species, predicted after the crossing point is subjected to geometry optimization, leading to relaxation to a lower energy, more stable, triplet species. At each geometry along this optimization pathway, both solvation-corrected unrestricted triplet and singlet single-point energy calculations were performed with the Pd basis detailed above and the 6-311+G(d,p) basis for all other atoms. The geometry where the two surfaces intersect was used as the starting point for the MECP calculation using an algorithm developed by Harvey et al. 10 The algorithm utilizes energy gradient and total energy inputs from separate OST and OSS state calculations at a single geometry to construct two new hybrid gradients that are orthogonal and define the crossing hyperline. A steepest-descent approach 11 is then utilized to perform a geometry optimization with the hybrid gradients. This calculation was performed in the gas-S5 phase, and the optimization calculation yielded a MECP in which the difference in total energy between the singlet-and triplet-spin surfaces is less than 1.1 kcal/mol. The OSS energies were not corrected for triplet spin-contamination; however, as one can derive from equation S1, the correction becomes negligible when the surfaces converge in energy. A rigorous multiconfigurational analysis is needed to obtain a quantitative assessment of the MECP, but this is outside of the scope of the present study. Because similar issues do not plague the OST state, we suggest that the optimized MECP, using standard KS-DFT theory, provides a qualitatively accurate geometry and lower-energy limit. A single-point solvation energy calculation (as detailed above) was performed at the geometry-optimized MECP. Rigorous thermochemical calculations were not performed on the optimized MECP. Instead, an estimate of the Gibbs free energy of the MECP was obtained by adding the averaged thermal and entropic corrections calculated from the ground-state-optimized intermediates (4 and 5) that flank the intersection of singlet and triplet surfaces. These values were used to position the MECP on the free energy diagrams reported in this work.
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Computational Study of the Oxygenation and Protonolysis of Zwitterionic Complex 3 To Form (Sp)Pd(OOH)Cl.
Aerobic oxidation of zwitterion 3 yields Pd-hydroperoxide (9) via an oxygenation/protonolysis sequence ( Figure S3 ) similar to that reported for other Pd 0 systems.
12
The HLRE pathway proceeds via 2
TS
. An IRC analysis probing the forward potential energy surface (ie., toward intermediate 3) reveals a surface that is downhill with no evidence of additional intermediates or transition states ( Figure S4A ). Evaluation of the RMS gradient along this surface illustrates a significant event labeled as A ( Figure S4B ). Although the surface is not defined well-enough to characterize these geometries as true stationary points or saddle points, visualization of the geometries suggest similarities to intermediates and transition states characterized for other nitrogenous donor ligand systems (see below, Figures S6-S8 ). IRC analysis in the reverse direction proved to be a challenge, so we characterized the reverse direction by performing a geometry optimization of a species slightly to the reactants side of 2 TS and we performed a relaxed-potential-energy surface scan following the motion of the N1-N2-Pd-H dihedral twist that defines the motion of the saddle point imaginary frequency. The former optimization calculation relaxed directly to 1 providing substantial evidence that 2 TS is connected directly to 1. The latter RPES calculation provided a full detailed picture of the energy surface from 1 to 3, revealing that 2TS is the only barrier on the energy landscape between species 1 and 3.
Oxygenation of zwitterion 3 provides linear end-on triplet superoxide 4 in which SpH + has dissociated (Pd-N A bond length > 3.5 Å); however, the hydrogen bonding interaction is maintained, as evidenced by an NBO analysis. The interaction stabilizes the zwitterion significantly in non-polar solvent (ΔΔG° = +16.6 kcal/mol for separated species). Coordination of O 2 oxidizes the Pd center, resulting in an increase in the natural charge on Pd from -0.015 to +0.382. The O-O bond length increases from 1.22 Å (free molecular oxygen) to 1.30 Å. A RPES scan was performed to characterize the O2 bindng event in which the Pd-O 2 separation was stepped in 0.1 Å increments from 3.0 -2.2 Å ( Figure S5 ). No structural rearrangement of the initial geometry observed in 3 occurs until a Pd-Oα separation of 2.2 Å is achieved. At this geometry, ligand rearrangement, leading directly to a species similar to 4, occurs with minimal perturbation in the total energy surface. A number of saddle point guesses were extracted from the RPES calculation around this region, and these geometries were subjected to full transitionstate optimization. No calculations proved fruitful as the potential energy surface is likely moreor-less flat and/or poorly defined in this region. After traversing the minimum-energy crossing point (MECP), an η 2 -peroxide species 5 is formed in which the hydrogen bonding interaction occupies a square-planar coordination site. Chloride ligand isomerization via 6 TS brings the Lewis-basic N A back into the Pd II square plane thus enabling ligand reassociation in complex 7. This process also positions the ammonium arm of Sp (ie., N With different N-chelating ligands, one would expect differences in the bond strength of Pd-N bond as well as the basicity of the nitrogen to impact the energetics of the deprotonation step. To show the generality of our proposed mechanism to other catalyst systems containing Nchelating ligands we extended our study to other (N-N)Pd(H)Cl complexes (N-N = phen, bpy, and py-ox). Ground state structures for these complexes were computed. In the case of py-ox ligand, both isomers were identified. The lower energy isomer has the hydride ligand trans to pyridine (ΔG = 1.8 kcal/mol), consistent with oxazoline being a slightly better donor than pyridine (pKa's for pyridinium and oxazolinium are 5.2 and ~5.5 respectively). 13 The Pd-N bond lengths in these complexes shows the expected trends (Table S1 ). The Pd-N(trans to hydride) bonds are longer than the Pd-N(cis to hydride) bonds with the Pd-N bonds in the (-)-sparteine complex being longer than the others. These observations are consistent with the weak π-accepting ability of pyridine-based ligands, which results in stronger Pd-N bonds. The reaction profiles for the ligand-assisted reductive elimination for py-ox and phen systems are shown in Figure S4 and S5 respectively. The transition states for κ 2 -to-κ 1 isomerization were similar to those in the Sp ligand system, which featured the dissociation of one of the arms of the ligand along with rotation about Pd-N bond. In the case of pyridineoxazoline ligand, the barrier of this step was shown to be lower in energy for the more stable isomer (hydride trans to pyridine). In contrast to the sp system, stable intermediates of (κ 1 -N-N)Pd(H)Cl were located. This feature presumably arises because pyridine-based ligands are weaker general bases relative to Sp. Deprotonation transition states from these intermediates to produce zwitterionic Pd 0 species appeared to be slightly lower in energy than κ 2 -κ 1 isomerization. S11 Due to the flexibility of the bpy ligand, one pyridine ring dissociates by rotating out of the square plane. A separate transition state was located for the rotation about Pd-N bond, which brings the hydride ligand and the unassociated pyridine into close proximity, allowing for deprotonation of the hydride by the disassociated nitrogen atom ( Figure S6 ). The first step was determined to be the highest energy barrier of this pathway. N py -N ox = 2-(4,5-dihydro-2-oxazolyl)-pyridine phen = 1,10-phenanthroline bpy = 2,2'-bipyridine S16 N py -N ox = 2-(4,5-dihydro-2-oxazolyl)-pyridine phen = 1,10-phenanthroline bpy = 2,2'-bipyridine 
